INTRODUCTION
Glucosinolates are an important group of secondary metabolites found in the family Brassicaceae. They have recently attracted considerable attention because of a wide range of bioactivities, including functioning as antimicrobial compounds (1, 2) , deterrents of generalist herbivores (3), herbicides (4), and anticarcinogenic agents (5) . Sulforaphane, a metabolite of methionine-derived 4-methylsulfinylbutyl glucosinolate (glucoraphanin), has received special attention because of its potent anticarcinogenic activity (6, 7) . Glucoraphanin is an aliphatic glucosinolate abundant in broccoli and Arabidopsis ecotype Columbia, but it does not exist in Chinese cabbage or Arabidopsis ecotype Landsberg.
To date, more than 90 different aliphatic glucosinolates have been identified (8) . The aliphatic glucosinolates are synthesized in three separate stages, side chain elongation of methionine, core structure formation, and side chain modification as shown in Fig. 1 (9, 10) . The biosynthesis is initiated by the MAM1, MAM2, or MAM3 gene products (11) (12) (13) , among which the MAM1 catalyzes only the first two methionine elongation cycles to produce short-chain aliphatic glucosinolates. For the process of core structure formation, the methionine-condensed products are first converted into aldoxime by CYP79F1 and CYP79F2, which metabolize the short and long-chain (Met1-6) and only the long-chain methionine (Met5, 6) , respectively (14) . Aliphatic glucosinolate biosynthesis is completely abolished in the double-knockout Arabidopsis mutant sps-7cyp79F2-1 (15) . Aldoximes are generally unstable and toxic, and subsequently they do not accumulate within the cell. They are oxidized by CYP83A1 to aci-nitro compounds followed by C-S cleavage, glucosylation, and sulfation to produce the methylthioalkylglucosinolate (9, 16) . The glucosylation is catalyzed by UDP-dependent glycosyltransferase that functions in flavonoid synthesis (17) . Its side chain is oxidized to methylsulfinylalkylglucosinolate and then modified to alkenyl or hydroxyalkyl glucosinolate by AOP2 or AOP3, respectively (10, 18, 19) . The content and composition of glucosinolates may differ depending on the plant species. For example, two Arabidopsis ecotypes, Columbia and Landsberg accumulate the major glucosinolates derived from dihomomethionine and homomethionine, respectively (20, 21 
RESULTS AND DISCUSSION

Generation of transgenic Chinese cabbage plants
Chinese cabbage hypocotyl segments were infected with Agrobacterium tumefaciens GV3101 harboring the binary vector pCM1, pCF1, or pCA1 ( Fig. 2A) . After a three-day co-cultivation, they were selected on hygromycin selection media. The hygromycin-resistant rooted shoots were transplanted into pots with soil. A total 12 plants were initially tested for the presence of transgenes by GUS assay using leaves. Three lines of pCM1 or pCF1 and two lines of pCA1 showed a positive GUS response (Fig. 4G) . The presence of the transgenes within the transformed plants was confirmed by PCR using a GUS gene specific primer and Southern blot analysis on T0 plants (Fig. 2B ). All 8 plants produced PCR bands of the expected size. However, the T-DNA insertion pattern was different; F1-1 and A1-2 lines had two copies of transgenes and all others had a single copy (Fig. 2C) . The expression of transgenes was verified by RT-PCR analysis of total RNA using transgene-specific primers (Fig.  2D ). All the transgenic lines except for M1-2 and M1-3 expressed the transgenes. The T0 lines expressing the transgenes were self-crossed under CO2 treatment to produce T1 seeds, and transgene expression in T1 plants was confirmed by RT-PCR (data not shown). The leaves of two-month old T1 plants were used for phenotypic characterization and HPLC analysis of glucosinolates.
Aliphatic glucosinolate profiles in the transgenic plants
The MAM1 gene is involved in C3/C4 chain length elongation of aliphatic glucosinolates. Two Arabidopsis mutant lines TU1 and TU5, each with a single base transition in MAM1, accumulated a greatly elevated level of C3 glucosinolate in parallel with a reduced level of C4 glucosinolate (12) . This change is likely caused by a defect in the conversion of C3 to C4 glucosinolate precursor. In the transgenic line M1-1, accumulation of both GNA (C4 glucosinolate) and GBN (C5 glucosinolate) increased by 3.5 and 2 fold, respectively (Fig. 3A) . The increase in GNA and GBN is most likely due to the increased precursor pools of dihomomethionine and trihomomethionine that are used in the biosynthesis of C4 and C5 glucosinolates, respectively. On the other hand, the levels of another pair of C4 and C5 glucosinolates PRO and GNL were similar to those of wild type. This could be related to the unchanged activity of hydroxylation at the second carbon site of GNA and GBN that leads to the formation of PRO and GNL, respectively (Fig. 1) . The accumulation pattern of the A1-1 line overexpressing http://bmbreports.org CYP83A1 is similar to that of M1-1 in that the level of GNA and GBN increased to 4.5 and 2 fold, respectively (Fig. 3A) . GNA, GBN, PRO, and GNL all belong to alkenyl glucosinolate. Methylthioalkyl, methylsulphinylalkyl, or hydroxyalkyl glucosinolates were not detectable in all Chinese cabbage plants. This could be due to a strong expression of AOP2 homologs in Chinese cabbage.
CYP79F1 is a key enzyme in the biosynthesis of short-chain glucosinolates that functions in converting mono-to hexahomomethionine into the corresponding aldoxime (14, 24) . In the CYP79F1 loss-of-function mutants of Arabidopsis, bus and supershoot, the accumulation of short-chain glucosinolates was abolished (25, 26) . In Arabidopsis, more than 90% CYP79F1 transgenic plants displayed varying degrees of CYP79F1 gene silencing (25) . These cosuppression lines showed a phenotype similar to the loss-of-function mutants, along with a reduced content of aliphatic glucosinolate. However, the Arabidopsis lines overexpressing CYP79F1 did not show any phenotypic difference but an increased level of aliphatic glucosinolate. In our transgenic Chinese cabbage lines, the F1-1 line showed a 2-fold increase in GNL (Fig. 3A) . In contrast, F1-2 and F1-3 have reduced levels of GNA and GBN for unknown reasons.
Indole glucosinolate profiles in the transgenic plants
The overexpression of MAM1 and CYP79F1 caused an increase in some indole glucosinolates (Fig. 3B) . In M1-1 and F1-1 lines, the level of glucobrassicin increased to 2 and 3 fold, respectively, together with a 2-fold increase in 4-methoxy glucobrassicin. For the lines F1-2 and F1-3, the glucobrassicin did not increase, but the level of 4-hydroxy glucobrassicin increased 2 fold. The IG profile in the lines A1-1 and A1-2 was comparable to that of wild type. The levels of neoglucobrassicin in all the transgenic lines were also similar to that of wild type.
Total glucosinolate profiles in the transgenic plants
Aromatic glucosinolate was not detectable in the 'Seoul' cultivar used in this study. Thus, the total glucosinolate contents were calculated based on the contents of aliphatic and indole glucosinolate (Fig. 3C) . The total aliphatic glucosinolate content was increased in all the transgenic plants except for F1-2 and F1-3. The lines F1-1 and A1-1 showed a 1.5-fold increase when compared to wild-type plants. The total indole glucosinolate level of transgenic plants was comparable to that of wildtype plants. So, the increases in total glucosinolate content correlated with the elevated levels of aliphatic glucosinolates. http://bmbreports.org BMB reports 
Phenotypes of transgenic plants
The transgenic Chinese cabbage plants overexpressing Arabidopsis MAM1 and CYP83A1 cDNAs did not show any phenotype difference from that of wild-type plants, except for slightly thicker stems (Fig. 4BFJ) . Similarly, Arabidopsis missence mutants of MAM1 and CYP83A1 as well as a gain-of-function of CYP83A1 have been reported to be morphologically indistinguishable from wild type (27, 28) . Unlike MAM1 and CYP83A1 Chinese cabbage lines, the line F1-1 exhibited several characteristic phenotypes: (i) it grew more slowly with smaller, light green leaves and thinner stems relative to wild type; (ii) it had no thorn on either the top or bottom of the leaf, which is present in the wild-type and other transgenic plants; and (iii) the rosette stem was thicker than the epicotyl-derived stem (Fig.  4CHIJ) . The lines F1-2 and F1-3 had narrower leaves whose edge was bent down, and their epicotyl-derived stem was thicker than wild type and other transgenic plants (Fig. 4DEJ) . The epicotyl-derived stem was also thicker than the rosette stem. There were some axillary buds on the rosette stem and some had already opened into leaves, which do not appear in wild type and other transgenic plants. This result resembles the cytokinin overproduction phenotype, in that cytokinin is known to break apical dominance and increase the thickness of the stem (29, 30) . In Arabidopsis CYP79F1 knockout mutants, cytokinin accumulated to the highest level at the leaf axil, although the CYP79F1 overexpression lines did not show any phenotypic difference (15, 25, 26) . Hence, it has been suggested that the CYP79F1 gene may modulate cytokinin level at the site of bud initiation and the changes in cytokinin levels at these sites are responsible for the altered shoot branching pattern (15) . Taken together, these results indicate that glucosinolate biosynthesis may be intricately linked with hormone homeostasis, and the modulation of cytokinin levels by the CYP79F1 gene may differ between the Arabidopsis and Chinese cabbage.
In conclusion, ectopic overexpression of the Arabidopsis cDNAs, MAM1, CYP79F1, and CYP83A1 in Chinese cabbage changes the endogenous glucosinolates content. In the Chinese cabbage plant, alkenyl glucosinolates are the most abundant form of aliphatic glucosinolate. Increased expression of MAM1, CYP79F1, and CYP83A1 along with suppression of AOP2 can lead to the accumulation of pharmaceutically important methylsulphinylalkyl glucosinolates, such as glucoraphanin.
MATERIALS AND METHODS
Plant material
Seeds of a commercial Chinese cabbage cultivar 'Seoul' (Kyoungshin Seed Co., South Korea) were immersed in 70% ethanol for 1 min, stirred in 2% sodium hypochlorite for 20 min, and rinsed thoroughly with sterile distilled water. The sterilized seeds were blotted onto sterile paper tissues and inoculated onto MS basal medium (pH5.8) containing 3% sucrose and 0.8% agar. The seeds were germinated at 21 o C for 12-14 days under a 16 h light/8 h dark cycle. The hypocotyl was cut into approximate 1 cm segments for use in plant transformation. T1 seeds were obtained by selfing via CO2 treatment at Dongbu Hwannong High Tech Inc. (Gyeonggi province, Korea). T1 generation was used to visualize the phenotype and to quantify individual glucosinolates by HPLC analysis. http://bmbreports.org 
Construction of plant expression cassettes
Plasmid pC11, which is a derivative of a binary vector pCAMBIA1301 (CAMBIA, Canberra, Australia), contains multiple cloning sites flanked by the CaMV35S promoter and the nopaline synthase (NOS) terminator, a plant selectable marker HPT gene, and the GUS reporter gene within the T-DNA. Three full-length aliphatic glucosinolate cDNAs, MAM1, CYP79F1, and CYP83A1, were produced from Arabidopsis thaliana Columbia ecotype by RT-PCR and were cloned into T-easy vector (Promega Corporation, Madison, WI, USA). DNA sequencing confirmed complete matches of the amplified MAM1, CYP79F1, and CYP83A1 cDNA sequences to the published coding sequences (GenBank accession No. At5g23010, At1g16410, At4g13770). These amplified sequences were then inserted into the pC11 multiple cloning site in the sense direction, yielding the individual constructs named pCM1, pCF1, pCA1, respectively. All of the constructs were transformed into the Agrobacterium tumefaciens strain GV3101 using the freeze-thaw method (31) . The transformants that grew on kanamycin (50 mg/L) LB plates were analyzed for the presence of the plasmids by restriction digest analysis.
Plant transformation
Agrobacterium-mediated plant transformation was essentially performed as previously described (23) . 
Growth conditions for T1 generation plants
Molecular analyses of transgenic plants
Genomic DNA was isolated from young leaf tissue using the CTAB method (32) . PCR analysis was carried out with genomic DNA to verify the presence of transgenes using Ex Taq DNA polymerase (Takara, Japan) and a GUS gene primer set: For Southern Blot analysis, ten micrograms of genomic DNA from control (+/-) and putative transformants were digested with Hind III in a 30 μl reaction and incubated at 37 o C overnight. DNA fragments were electrophoresised in an 0.8% agarose gel at 30 V overnight and then transferred to a nylon membrane (Hybond N-Filter, Amersham). The digoxigenin-labeled DNA probe was synthesized by PCR amplification of GUS gene fragment using the DIG High Prime DNA Labeling Kit (Roche Diagnostics GmbH, Mannheim, Germany). The primers and amplification conditions were same as described above. Hybridization and detection were carried out following the manufacturer's instruction (Roche Diagnostics GmbH, Mannheim, Germany).
Total RNA was isolated using Trizol reagent according to the manufacturer's instructions (Sigma-Aldrich, Inc., MO, USA). Total RNA was then treated with RNase-free DNase to remove any contaminating genomic DNA, extracted with phenol, precipitated with ethanol, and resuspended in diethylpyrocar- 
GUS activity assay
The assay was conducted according to the histochemical staining method (33) . Leaf fragments were dipped into the GUS assay mix containing 50 mM NaH2PO4, 50 mM Na2HPO4, 0.1% Triton X-1000, and 1 mM X-GlcA cyclohexylammonium (Duchefa, Netherland) then incubated at 37 o C for 16 -20 hours. They were destained with 70% ethanol for one day.
HPLC analysis of glucosinolates
Quantification of glucosinolate by HPLC was essentially performed as previously described (23) .
